INTRODUCTION
The presentation of Clostridium difficile-associated disease (CDAD) varies from mild diarrhoea to a potentially fatal pseudomembranous colitis. C. difficile takes advantage of disruption of the normal intestinal flora, as caused by antibiotic therapy, for example. Recently, C. difficile PCR ribotype 027, toxinotype III, also known as NAP I, has been found to produce large amounts of toxins in vitro due to a deletion in a toxin-regulating gene, tcdC. This particular strain is associated with increased virulence and presents as a more severe disease with higher mortality and complication rates (Warny et al., 2005) . Since 2003, C. difficile type 027 has been identified as the cause of epidemics of severe CDAD in North America (Loo et al., 2005; . In June 2005, this strain was discovered in several hospitals in the UK and in the Netherlands .
By the end of 2005, the bacterium had been found to cause epidemics in eight Dutch hospitals. However, in several other hospitals, type 027-associated CDAD was also found in isolated cases without further spread. The outbreaks of 027-associated CDAD have led to the formulation of national guidelines in addition to the existing guidelines for CDAD . These guidelines advise on early recognition of CDAD due to type 027 and on hygiene, therapeutic and other preventive measures, such as thorough cleaning and disinfection and a restriction of the use of fluoroquinolones, macrolides, clindamycin and third-generation cephalosporins.
To improve prevention and control of outbreaks of type 027, it is important to gain further insight into the association between antibiotic use and CDAD incidence at hospital level. CDAD has been associated with a wide variety of antibiotics of different classes, with clindamycin and thirdgeneration cephalosporins among the most frequently reported (Johnson & Gerding, 2004) . In the last few years, parallel to the increasing incidence of type 027, several North American studies have shown newer fluoroquinolones, such as moxifloxacin and gatifloxacin (gatifloxacin is not available in the Netherlands), to be one of the most important risk factors for CDAD (Johnson & Gerding, 2004; Pepin et al., 2004 Pepin et al., , 2005 Muto et al., 2005; Gaynes et al., 2004; McCusker et al., 2003) . These associations are only investigated at patient level and not at hospital level.
A study was designed to investigate the relationship between CDAD incidence and the preceding use of different antibiotic classes at hospital level. Comparisons were made between hospitals where type 027 caused an epidemic, hospitals where only isolated cases of type 027 were observed (without an increase in CDAD incidence) and hospitals where no outbreak of CDAD or type 027 were encountered by the end of 2005. As hygiene and other preventive measures are important factors influencing CDAD transmission (Johnson & Gerding, 2004) , the results were adjusted for these factors.
METHODS
The Netherlands has a total of 98 hospitals, of which eight have a university affiliation and 23 are top clinical teaching hospitals. Three study groups were made, based on the incidence of C. difficile type 027 at the end of 2005. The epidemic group consisted of all hospitals that were known to suffer or have suffered from type 027-associated CDAD outbreaks (group A, eight hospitals). Group B (six hospitals) consisted of all hospitals where type 027 was identified occasionally without an apparent increase in CDAD incidence. Additionally, 20 randomly selected hospitals without known CDAD epidemic or isolated cases of type 027 were asked to participate (group C).
To obtain information from the outbreak and the preceding period, data were collected for 2004 and 2005, on a quarterly basis. The first hospital with an outbreak due to type 027 was identified in June 2005, but in most hospitals control measures were not implemented before July 2005. Subsequently, the first six quarters are labelled 'preepidemic' and the last two quarters 'epidemic'.
Using a standardized questionnaire, data were collected on the CDAD incidence (not limited to type 027, as not all C. difficile strains were typed), the laboratory testing policy for CDAD and the infection control measures for cases of diarrhoea, CDAD and, if applicable, for cases of CDAD due to type 027. For group A, changes in test policy and preventive measures as a consequence of the outbreak were also recorded. Based on previous surveillance, we presumed that no major changes in hygiene practices or other measures were implemented in groups B and C.
Hospital pharmacists were asked to send in data on the use of a number of antibiotic classes, generally accepted as possible risk factors for CDAD at patient level: fluoroquinolones, second-and third-generation cephalosporins, extended-spectrum penicillins, penicillins with b-lactamase inhibitors, carbapenems, lincomycins and macrolides. Data on antibiotic use are expressed in defined daily doses (DDD) per 10 000 patient days. The CDAD incidence (new patients only) was expressed per 10 000 patient days. The collected data were described and analysed with t-tests for differences in mean antibiotic use (averaged over all, or several quarters) between groups and between the pre-epidemic and epidemic period. Differences in infection control were tested with chi-squared tests. If data were not normally distributed, nonparametric tests were used.
To study the association of antibiotics, hygiene practices and other preventive measures with CDAD incidence, quarterly observations were used. To account for the correlation of data points of individual hospitals, we used multilevel Poisson regression with an autoregressive error structure (Proc glimmix in SAS, version 9.1). Both preepidemic and epidemic quarters were included in this analysis.
Based on the results of previous studies, which showed that antibiotic use at hospital level influenced CDAD incidence after a time interval of 2-3 months (Debast et al., 2006; Gaynes et al., 2004; Biller et al., 2007; Shek et al., 2000) , we modelled the CDAD incidence per quarter as a function of antibiotic use during the preceding quarter. This time-shift was not applied to data for hygiene measures or other variables.
Variables with a P value of less than 0.2 in the univariate analysis were included in the multivariate analysis, using manual forward selection.
RESULTS
Not all hospitals were able to provide the requested data on a quarterly basis. For groups A, B and C respectively, the final numbers of participating hospitals were eight (100 %), five (83 %) (data on infection prevention lacking in one) and ten (50 %) (data on infection prevention lacking in one). Descriptive data for these hospitals are depicted in Table 1 . The spread of type 027 in 2005 was limited to four of the 12 provinces, mainly concentrated in the most populated central and western parts of the Netherlands. Of the ten hospitals of group C, six were located in these provinces.
Incidence
Before the first 027 outbreaks were observed and measures were taken to prevent further spread, the CDAD incidence was slightly higher in A and B hospitals than in C hospitals (P50.3 and 0.4, respectively). The difference between A and C hospitals became statistically significant in the epidemic period (Table 2) .
Antibiotic use
Before the outbreaks occurred, the total use of the studied antibiotics was comparable between affected and unaffected hospitals (A and C). Unaffected hospitals used relatively more penicillins with b-lactamase inhibitors and fluoroquinolones, whereas outbreak hospitals had relatively higher use of extended-spectrum penicillins, third-generation cephalosporins and carbapenems. During the epidemic phase, affected hospitals used 10 % less of the studied antibiotics than the unaffected hospitals (P50.4) and significantly less fluoroquinolones (P50.03). During the epidemic phase, the fluoroquinolone use in the affected hospitals decreased considerably compared with the preepidemic phase, although statistical significance was not achieved (P50.08) ( Table 2) .
Hospitals with occasional incidences of type 027 (B) had higher total antibiotic use than the other two groups in the pre-epidemic and the outbreak period (P50.07 for the preepidemic period when compared with unaffected hospitals). Extended-spectrum penicillin and second-generation cephalosporin use was significantly higher in these hospitals than in unaffected hospitals. Of the five B hospitals, three were academic hospitals. Academic hospitals had significantly higher pre-epidemic carbapenem and third-generation cephalosporin use than non-academic hospitals (data not shown). Total antibiotic use also tended to be higher in these hospitals.
Pre-epidemic infection control measures
General infection control measures for patients with diarrhoea. Infection control measures for patients with diarrhoea or CDAD differed in some aspects. Special instructions for visitors of diarrhoeal patients were provided in 4/8 A, 0/4 B and 5/9 C hospitals. The policy to dress patients in clean clothes before they left the ward was present in 4/6 A, 0/4 B and 3/9 C hospitals, respectively. Very few hospitals disinfected the wards daily with .250 p.p.m. chloride (A 1/6, B 2/2 and C1/9).
In 6/8 affected A hospitals, diarrhoeal patients were nursed in wards routinely (but not exclusively), whereas this was done in 2/4 B and 5/9 unaffected hospitals. Two A hospitals indicated that they never used single rooms or cohort nursing for diarrhoeal patients. This was the case in none of the group B hospitals and in one C hospital.
Infection control measures for patients with CDAD. Of six A hospitals, two had special instructions for visitors of CDAD patients. This increased to 5/6 during the epidemic. In B and C hospitals this was 1/4 and 7/9, respectively. Daily disinfection with .250 p.p.m. chloride was performed in 3/8 A, 3/4 B and 3/9 C hospitals. In the affected hospitals this increased to 6/8 during the epidemic.
Wearing gloves and gown as standard when nursing patients with CDAD happened more frequently in A hospitals (3/6) than in B (1/4) and C (2/9). Two A hospitals nursed their CDAD patients in wards (but used single rooms too) before the discovery of type 027 in the Netherlands, but stopped doing so thereafter. None of the B and C hospitals nursed CDAD patients in wards. They placed their CDAD patients in single rooms (3/8 in A compared with 4/4 and 7/9 in B and C, respectively) and/or used cohort nursing.
Effect of epidemic infection control measures. There was a clear decreasing trend in the CDAD incidence in the hospitals with type 027 outbreaks after the measures had been introduced (P50.06). In five hospitals there was a decrease in the second quarter of the epidemic phase compared with the quarter before (36-69 % reduction), DNo data on infection prevention. These hospitals were not included in the regression analysis.
Hospital antibiotic use and CDAD 027 outbreaks whereas this difference was zero in two hospitals. In one hospital the number of CDAD cases was 36 % higher (four CDAD cases). The limited number of affected hospitals and the short time-span after discovery of type 027, did not allow a statistical analysis of the relation between the CDAD incidence and the infection control measures.
Associations with CDAD incidence
The selected overall best fitting model for all hospitals was the autoregression model that took into account the timerelated dependency of the data per hospital.
Analysis for all hospitals. There was a significant association between the total use of the investigated antibiotics, the use of second-generation cephalosporins, extended-spectrum penicillins, macrolides and some combinations (at hospital level) with CDAD incidence in the univariate regression (Table 3) . Additionally, some infection control measures were also significantly associated with the CDAD incidence. Size of the hospital (defined as less or more than 30 000 patient days per quarter) and academic status were not significantly associated with CDAD incidence.
In multivariate regression, the use of second-generation cephalosporins, macrolides and total use of the studied antibiotics were significantly associated with a small increase in CDAD incidence. Nursing CDAD patients in wards, daily cleaning of the patient's room and disinfection of the bedpan disinfector room were also associated with an increase in CDAD incidence (Table 3) .
Analysis for the unaffected hospitals. Table 4 depicts both the univariate and multivariate results. In multivariate analysis, the combination of second-generation cephalofosporins with macrolides was associated with CDAD incidence. This appeared to be predominantly an effect of the cephalosporins (data not shown). Among the measures associated with a higher CDAD incidence were washing hands only once (rather than twice) after caring for diarrhoea patients and nursing CDAD patients in wards. Dressing a patient with diarrhoea in clean clothes when transport was indicated and daily disinfection in case of CDAD were both associated with a lower CDAD incidence.
DISCUSSION Antibiotic use
Statistically significant associations were found between the type 027-associated CDAD incidence in hospitals and the (hospital-wide) total use of the studied antibiotics, the use of second-generation cephalosporins and the use of macrolides. Interestingly, the use of second-generation cephalosporins was also significantly associated with an increased CDAD incidence in hospitals without type 027. Cefuroxim was the most frequently used second-generation cephalosporin, accounting for 90-100 % in many hospitals. Hospitalwide fluoroquinolone use was not independently associated with an increased type 027-associated CDAD incidence, whereas it has been found to be a strong risk factor for type 027 at patient level in several studies, including studies in the Netherlands Loo et al., 2005; Biller et al., 2007; Debast et al., 2006; Goorhuis et al., 2007) . Fluoroquinolone use in the Netherlands consists mainly of ciprofloxacin (approximately 70 % in 2004) (SWAB, 2007) and this was also evident for most of the studied hospitals. This is of interest, because type 027 is resistant to ciprofloxacin (Hubert et al., 2007) .
Other studies have reported considerable variation in the successes of hospitals which change their antibiotic prescrip- 
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tions in response to an increased CDAD incidence (Valiquette et al., 2007; Berild et al., 2003; Khan & Cheesbrough, 2003; O'Connor et al., 2004; Muto et al., 2007; Veenendaal & Kuijper, 2007) . In one of the 027-affected Dutch hospitals, a ban on the use of fluoroquinolones was followed rapidly by a strong reduction in CDAD incidence (Debast et al., 2006) . However, infection control measures were also changed and may have contributed to the decreased incidence. Some hospitals have managed to decrease the CDAD incidence during an epidemic with hygiene measures only, without restrictions in antibiotic use, while other hospitals succeeded by solely changing the antibiotic policy (Weil et al., 2007; Salgado et al., 2006) or observed it to be related to antibiotic policy only (Valiquette et al., 2007) . It should be noted that most of the abovementioned studies are limited to only one or two hospitals.
So, although restriction of certain antibiotics at hospital level may reduce the (027-associated) CDAD incidence in an epidemic situation, the 'long-term' pre-epidemic use of these antibiotics, as analysed in our groups of hospitals, appeared to be only slightly associated with a subsequent increase in CDAD incidence. Chandler et al. (2007) studied hospital-level risk factors in Oregon during 1995-2002, a period during which the CDAD rates were increasing in 32 % of the hospitals of that state and the frequency of type 027 was probably increasing. They found no association between increases in CDAD and antibiotic policy, but they did not study actual antibiotic usage.
An important restriction of our study is the fact that we only investigated antibiotic use at hospital level. Some hospital departments are more frequently affected by C. difficile type 027 than others. A possible association of CDAD incidence with local antibiotic use at specific departments could not be excluded. Since CDAD is associated with underlying disease, the age of patients and medication, the incidence of CDAD may vary with department (Modena et al., 2005; Kyne et al., 1998; Barbut et al., 2007; O'Connor et al., 2004) . It would be interesting to know whether our findings are explained by increased use of the studied antibiotics at specific, and subsequently affected, wards only or whether increased use in other, relatively less affected, departments also leads to an increase in the incidence of resistant C. difficile by contributing to the general selection pressure. We took an interest in whether certain antibiotics would predispose to type 027 outbreaks. Considerably larger numbers of hospitals in each group would have made it possible to investigate this by employing a more straightforward approach: using the mean pre-epidemic antibiotic consumption of each hospital as the independent variable and the occurrence of an outbreak as the outcome. As CDAD incidences were highest in hospitals affected by type 027 outbreaks, we feel that this incidence-based approach gives an indication of the association of pre-epidemic antibiotic use with the occurrence of type 027 outbreaks. However, these results may have more general implications, since risk factors for the incidence of CDAD not caused by type 027 may have played a role too. For example, the use of second-generation cephalosporins is a risk factor when all hospitals are taken into account and also when analysed separately for affected and unaffected hospitals.
Infection prevention policy
Nursing CDAD patients in wards instead of in private rooms or in cohorts was associated with an increased CDAD incidence. This association was also found when hospitals without 027 were analysed separately. This confirms the results of many (often multi-faceted) interventions in individual hospitals and is consistent with relevant guidelines (Siegel et al., 2007; Zafar et al., 1998; Cherifi et al., 2006; Cartmill et al., 1994) .
Counter-intuitively, daily disinfection of the bedpan cleaning area and daily cleaning of a CDAD patient's room were associated with an increased CDAD incidence when the data from all hospitals were analysed. We asked whether hospitals used disinfectant with a concentration of chloride higher than 250 p.p.m., the concentration advised for disinfection of vegetative C. difficile. The applied disinfectants were usually not sporicidal, as they had a concentration of chloride less than 1000 p.p.m. Recently, Fawley et al. (2007) showed that subinhibitory concentrations of chlorine-containing disinfectants and detergents can promote sporulation in C. difficile. Since epidemic strains, such as C. difficile 027, have a higher sporulation rate than other PCR ribotypes, it could be hypothesized that daily disinfection resulted in an increase of 027 spores and their subsequent spread. Another possible explanation for this notable association is the fact that hospitals recognized initial problems and implemented some measures before the CDAD incidence increased conspicuously. This may indicate that implementing these measures alone was not sufficient to prevent increases in CDAD. Recall bias, in the timing of the measures, rather than the measures themselves, may also have played a role. A further complicating factor may have been that infection control measures were usually implemented as a 'package' that, when studied individually, may have resulted in apparently differing but 'interchangeable' results. In addition, a possible shortcoming of this kind of investigation is the difference between policy and practice. Cleaning, disinfection and other hygiene guidelines may not always be executed as advised by the department of infection control and hospital hygiene. This would lead to an underestimation of the true effects of these measures. Differences in compliance with regulations may exist between hospitals, and the continuation of CDAD problems probably led to greater attention and adherence to guidelines.
When only data from unaffected hospitals were analysed, such counterintuitive results were no longer statistically significant. Washing hands once (instead of twice) and nursing CDAD patients in wards were both associated with increases in incidence, whereas disinfection of the CDAD patient's room and dressing patients with diarrhoea in clean clothes before transport were associated with a decreased CDAD risk. These hospitals were not prompted by an outbreak to adapt their policy and therefore recall bias will have played a smaller role here.
In summary, we observed a significant association of the hospital-wide total use of the studied antibiotics and of second-generation cephalosporins and macrolides with CDAD incidence. However, this effect was too small to be used to predict whether some hospitals might be more prone to 027-associated outbreaks than others. More detailed investigations are necessary to clarify whether the effect of increased hospital-wide antibiotic use on CDAD incidence, observed in this study, was solely the dilution of the effects of increased antibiotic use in patients or departments that were subsequently affected by type 027 C. difficile and also to evaluate the counterintuitive results described for some hygiene measures.
